Introduction
Until the turn of the millennium, those investigating the impact of copper deficiency in grazing livestock and humans could find little of mutual interest in their respective endeavors. Since then, the picture has changed, and an exchange of information now might benefit human and livestock health in unforeseen ways. Ruminants still provide the most spectacular example of a nutritional interaction that affects health, involving a 3-way interaction among copper, molybdenum, and sulfur (Cu 3 Mo 3 S). Where concentrations of the 2 antagonists in pastures are both higher than normal, copper-responsive disorders would still be endemic without appropriate intervention. Disorders took a variety of easily recognized forms, depending on the species involved and its physiological stage of development when exposed. Lambs exposed in utero were born with or soon developed ataxia (neonatal or delayed swayback), which was incurable. Acute exposure of cows caused diarrhea and loss of coat color, which were quickly cured by administering copper. Anemia was seen only after extreme, prolonged copper deprivation. Vulnerability was eventually linked to the rumen synthesis of thiomolybdates [TM 2 (MoS n O 4-n )], which formed physiologically unavailable complexes with copper. Use of new, slow-release copper supplements in affected herds and flocks appeared to bring clinical problems under contro1, research activity decreased, and little progress was made toward understanding the pathogenesis of copper-responsive disorders in the 19 y separating 2 reviews (1,2). By contrast, there has been an upsurge of research interest in copper deficiency in humans since the year 2000, stimulated by reports of human swayback, a copper-responsive myelopathy associated with hypocupremia (3) . In a review of 55 case reports, mostly in women aged 50 to 70 y, risk factors were identified and 1 Author disclosure: N. F. Suttle, no conflicts of interest.
included bariatric surgery and hyperzincemia (4) . Previously, cases of unequivocal clinical copper deficiency in humans were largely confined to children born with a rare genetic mutation, Menkes disease, resulting from defective copper absorption and manifested in early childhood in similar symptoms to those seen in ruminants (5) .
Several areas of common ground have opened up. Crude attempts to use copper supplements as an antidote to allegedly endemic TM toxicity in cattle throughout the United Kingdom may have contributed to the appearance of a new health hazard, bovine copper toxicity (2) . Fears of a "myelopathy epidemic" could entice an increasing number of people to unnecessarily self-medicate with copper supplements. There is a common need to define optimum levels of copper supplementation for preventing copper deficiency (2, 6) . Copper toxicity has long been recognized as a health hazard for intensively reared sheep, and the only treatment relied on copper chelation with parenteral TM, given as tetrathiomolybdate (MoS 4 ) (2). However, potentially harmful side effects in the form of cuproenzyme inhibition occur (7) that are of relevance to those using MoS 4 to treat patients with Wilson's disease who store copper excessively (8) and those considering TM as potential treatments for cancers (9) , inflammatory diseases (10) , and Alzheimer's disease (11) .
Current status of knowledge
Contrasting susceptibilities of ruminants and humans to copper imbalance There are few similarities in the "macro metabolism" of copper ruminants and humans and their respective susceptibilities to copper deficiency ( Table 1) . Fundamental differences in the anatomy of the gut between herbivores and omnivores leave the former reliant on roughages for nutrition, and when anaerobic digestion takes place in the herbivore forestomachs, as it does in ruminants, absorbability of dietary copper is reduced to a uniquely low level in the sulfide-rich rumen milieu. All species contrasts in Table 1 stem from this fundamental anatomic difference. Lethal consequences of low copper absorbability (abortion, swayback) probably created natural selection pressure for traits that favored survival: capacity to store copper in times of plenty, ability to tolerate hypocupremia in times of scarcity, breeds that absorbed copper well in environments providing scant dietary supplies of copper (2) . Artificial selection for enhanced productivity traits in environments where copper deficiency limited livestock performance may have unintentionally complemented natural selection for efficient use of dietary copper. Susceptibilities to copper toxicity between ruminants and humans differ as markedly as those to deficiency and have similar origins: the strong capacity of ruminants to store copper leaves them vulnerable to toxicity when they are given diets low in roughage from which copper is well absorbed. Copper toxicity has rarely been reported in humans, with most cases occurring in individuals with Wilson's disease, caused by a rare genetic defect in copper metabolism.
Extrapolations between ruminants and humans are therefore error prone. Human swayback (3,4) bears little resemblance to any of the 3 forms of swayback identified in lambs, in which the primary lesion shifts from the brainstem to the spinal cord to the cerebral cortex with age at onset (fetus, suckling, and periweanling) and is probably a consequence of anoxic dysfunction in developing nerve cells and a resultant myelin aplasia (2) . Myelinopathy in adults cannot result from myelin aplasia and appears to involve nonspecific myelin degeneration, with similar clinical manifestations to the subacute combined degeneration of vitamin B-12 deficiency. Delayed swayback in lambs is a preventable but irreversible locomotor disorder, whereas human swayback is primarily a sensory ataxia that responds to copper supplementation (3, 4) . Other phenotypic effects of copper deficiency such as anemia also vary in expression among species (1, 12) . However, the earliest visible effect of copper deficiency in species as far apart as zebrafish (13) and mammals (2) is depigmentation of the integument caused by loss of tyrosinase activity. Copper transport Common ground is found in mechanisms of intracellular copper transport (i.e., at the micrometabolism level) that were first elucidated in cultures of single-celled species, confirmed in laboratory animals (see References 12-15 for reviews) and are summarized in Figure 1 . Copper chelation, along with gene deletion, has revealed the relative physiological importance of each step in the pathways illustrated. Susceptibility of cuproenzymes to inhibition by copper chelators over a wide range of concentrations allows both the chelator and target to be ranked for potency. In the malarial parasite Plasmodium falciparae, an intracellular chelator, neocuproine, inhibited superoxide dismutase (SOD) more than an extracellular chelator (16) . Gene deletion studies in rodents showed that SOD was not essential for survival, but deletion of the copper transporter 1 gene (Ctr1) caused developmental abnormalities in mice (12) . Ctr 1 was "switched on" by reductions in dietary copper supply in mice (12) and cattle (17) . In both species, copper chaperones (CC) for SOD (CCS) were upregulated at several sites after copper depletion (18, 19) . CC may be the Achilles heel of the copper transport system (Fig. 1 ). Menkes disease in humans is caused by a mutation affecting ATP7A, a CC that normally facilitates the export of absorbed copper from enterocytes and the incorporation into cuproenzymes in the tissues.
Wilson's disease is caused by a lack of ATP7B, a CC that incorporates copper into the major plasma protein ceruloplasmin (CP) in hepatocytes. Chelators such as MoS 4 have an affinity for CC, forming metal clusters with antioxidant 1 in yeast cells exposed in vitro and in kidneys of rats exposed in vivo (20) . The potential of MoS 4 for the control of human diseases may depend on its ability to disrupt chaperone function and thus inhibit activity of cuproenzymes such as SOD1 (13, 14) .
New information
Infection and copper imbalance. The primary focus in studies of interactions between infection and copper status has been on effects of copper deficiency on components of the immune response, with claims that immunity was one of the first functions to become compromised (21) . However, resistance to infection in lambs was no more compromised by copper deficiency than other copper-dependent functions, such as anemia and growth retardation (22) .
There are now many examples of copper deficiency, some only marginal, affecting one or other cell type and cytokine of the inflammatory cascade (23) but only one more of an effect on the outcome of an infection. Increased virulence of the coxsackievirus in copper-deficient mice has been reported, but the deficiency was extreme: pregnant mice were given a diet containing only 0.5 mg Cu/kg dry matter (DM), and offspring had grossly enlarged hearts when challenged at just 1 wk old (24) . The effect of infections on copper requirement may prove to have a greater impact on health in ruminants and humans. Infections have manifold effects on copper metabolism (23) , and the first consequence of pathogenic significance has just been reported (7) . An outbreak of pre-hemolytic copper poisoning (HCP) occurred in specific pathogen-free (SPF) lambs during a controlled infection experiment and was less severe in 2 groups infected as neonates with Mycobacterium avium subspecies than in an uninfected control group (Fig. 2) . Infection with the gut pathogen had in some way reduced the copper burden being carried by 1-y-old lambs. It was speculated that SPF lambs had unusually low copper requirements because they were spared the copper cost of the development of immunity to microbes from a normal environment, both pathogenic and commensal. Should the copper requirement for all species include a component for immunity?
Responses of sheep to parenteral TM All SPF lambs in the above experiment were treated with subcutaneously administered MoS 4 , and their responses reveal the macrometabolic effect of the chelator, yielding information that cannot be obtained from cultured cells. As in previous studies (2), there was a rapid increase in plasma copper, but it was relatively small and only partly due to accumulation of trichloroacetic acid-insoluble (TCAI) copper (Fig. 3A) , indicating the formation of a complex with albumin (Cu-TM-albumin) (2) . In vitro, UV/visible spectrophotometric studies suggest that Cu +1 becomes bound to the terminal amino-N group of the albumin molecule via 2 S Figure 1 Mechanisms of copper transport in mammalian cells. A copper-transporter (CTR1) takes Cu 2+ across the cell membrane as Cu + (assuming help from a copper reductase). Specific intracellular copper chaperones with repeating SH domains bind and convey Cu + to sites of cuproenzyme synthesis, such as superoxide dismutase (SOD) in the cytosol (CCS) and cytochrome oxidase (CCC) in mitochondria. A second group of transport proteins, including antioxidant 1(Atox 1) and ATP7, carry Cu + to the Golgi apparatus, where cuproproteins such as ceruloplasmin and those with lysyl oxidase (LOX) activity are synthesized. A third group of ATPases, together with CTR 2, export excess copper from cells when the storage capacity [bound to metallothionein (MT) in lysosomes] approaches its limit. Thiomolybdates (TM) cross the cell membrane by unknown pathways with the potential to perturb copper transport by forming metal clusters with copper chaperones and MT, while sequestering copper from SOD within erythrocytes. Adapted from Reference 14 with permission. atoms in MoS 4 (25) . There were also residual effects of MoS 4 at 2 other locations, hepatocytes and erythrocytes (Fig. 3B) . It was hypothesized that MoS 4 or its derivatives had crossed cell membranes of both cell types, chelating copper that was causing intracellular hepatocyte dysfunction and sequestering copper from and thus inactivating SOD 1 in the erythrocyte. There was no depletion of erythrocyte copper, and it was assumed that copper became temporarily trapped in unexportable complexes in the erythrocyte (7) . Subsequent, coincident recovery of erythrocyte SOD (ESOD) activity and resurgence of hepatotoxicity (Fig. 3B) suggested that simultaneous breakdown of copper complexes in erythrocytes, hepatocytes, and possibly elsewhere had allowed free copper concentrations to return to toxic levels within hepatocytes. When the course of MoS 4 injections was repeated after 42 d, hepatoxicity and ESOD activity again showed coincident reductions, but control of hepatoxicity was sustained and inhibition of ESOD 1 was more severe, although still temporary (7). Sufficient copper had apparently been removed from the body by retreatment and ongoing dietary copper depletion to prevent recurrence of hepatotoxicity, but 2 fundamental questions were raised concerning the safety of chelation therapy with MoS 4 : Is short-term, multifocal disruption of copper-dependent functions inevitable and is it harmful?
Early studies used a similar dose of MoS 4 given intravenously to sheep with incipient HCP and reported much larger (2-to 3-fold) increases in plasma copper due entirely to increases in TCAI copper (1) . When MoS 4 was first given subcutaneously to sheep with pre-HCP and lower presumed liver copper concentrations, the relatively small increase in plasma copper (w20%) was made up by equal contributions of TCAI and TCAS copper. but there was no evidence that TCAS copper was induced when the second course was given and pre-HCP was finally being controlled (Fig. 3A) . In sheep without pre-HCP, MoS 4 did not induce TCAS copper (26) . Why should effects of MoS 4 on plasma copper distribution appear to be so profoundly affected by the severity of HCP? Responses to MoS 4 in the Long-Evans Cinnamon (LEC) rat, which has a genetic abnormality causing excessive copper accumulation in the liver, may provide an answer.
Comparative responses of rats and ruminants to TM Ruminant livers are normally rich in metallothionein (MT), a cysteine-rich protein with an abundance of SH ligands Fig. 1) (2) . In LEC rats that carry a genetic mutation causing excessive hepatic copper storage, intraperitoneally administered MoS 4 binds to copper in MT, is removed from the liver as a complex and partitioned between the biliary secretion and the bloodstream in a 70:30 ratio: in the bloodstream, copper MT forms a soluble complex with albumin (27, 28) . (Fig. 3A) . In sheep without pre-HCP and lower presumed liver copper stores (26) or given a second course of MoS 4 (Fig. 3A) , less MoS 4 might be trapped in the liver as Cu-MT complexes and more remains in the bloodstream to inhibit ESOD 1. Other studies with LEC rats showed that extremely high MoS 4 doses induced insoluble Cu-MT complexes in the liver (29) , whereas lower doses had the same effect if the liver had been depleted of glutathione (30) .
Reappraisal of parenteral TM as copper-depleting agent
The propensity of ruminants to store copper in the liver (Table 1) means that the range of liver copper concentrations in any population gathered together for an experiment can be wide. Calves due to be placed on a low copper diet to compare 2 injectable copper supplements had initial liver copper concentrations ranging 5-fold and reaching neartoxic levels. Those with the highest values were therefore given subcutaneous MoS 4 [w3 mg/kg body weight (BW) in total], 10-14 d before copper injection to narrow the range, but the depletion of liver copper was only marginally accelerated (31) . Furthermore, the subsequent depletion rate in calves not injected with copper decreased by half, rather than increased, in those given MoS 4 . Plasma copper was not increased by injecting copper but remained higher in MoS 4 -treated than untreated calves throughout the experiment, a characteristic response to MoS 4 . It was concluded that parenteral MoS 4 had lengthy residual copper-sparing rather than -depleting effects in calves but how might this happen? If free copper concentrations in hepatocytes were decreased by retained TM, fundamental relationships between hepatocyte concentration and both biliary and plasma copper concentrations might have been perturbed.
Reappraisal of the literature on the use of parenteral MoS 4 in sheep indicated that depleting capacity had been exaggerated by failure to discount concurrent accretion of copper from the diet during concurrent oral dosing with copper; short (6-d) periods of assessment, which may have missed the recycling copper to the liver and failure to realize that the spectacular short-term (6 h) increases in biliary copper concentration induced by MoS 4 removed only small amounts of copper from the liver (7). The relatively low copper-depleting capacity of MoS 4 in ruminants compared with rats (27, 28) could be attributable to a greater capacity to retain copper by minimizing biliary copper secretion (2), but the lower MoS 4 dose rate used in ruminants may also have been influential. Nevertheless, parenteral MoS 4 removed relatively little copper from the livers of sheep or cattle in the short term and subsequently drew copper into a complex recycling process that delayed further copper excretion. The dependence of that process on liver copper status has implications for the tolerance of humans to TM and is discussed later.
Future therapeutic use of TM Priorities for future research. A deeper understanding of TM metabolism is required on 3 fronts if therapeutic potential is to be realized. First, the mechanisms by which TM gain entry to cells must be established. The readiness with which TM form complexes with albumin suggests that TM may not circulate in free form. MoS 4 may be less harmful in vivo than the less thiolated TM, MoS 3 O and MoS 2 O 2 : in vitro studies showed that the latter formed less complex polymers of higher solubility (25) . Can MoS 2 O 2 and MoS 3 O be carried by cell-penetrating peptides, conjugated through a disulfide bridge or cross react with cell surface thiols (32) ? Is this how they accomplish the unexpected feat of being absorbed from the rumen (33)? Second, the full physiological impact of TM on copper transport and cuproenzyme activity must be established. Similarities between the molecular structure of CCS and other CC could indicate that other cuproenzymes might be inhibitable by MoS 4 . Most of the evidence obtained to date comes from in vitro studies. Reduced angiogenesis in cultured tumor cells after the addition of MoS 4 has been linked to inhibition of lysyl oxidase and related proteins (13) . When follicular granuloma cells were cultured in serum-free media containing 10 mg MoS 4 /L, estradiol production was reduced and attributed, without direct evidence, to reduced expression of lysyl oxidase (34) . Under similar conditions, differentiation of bovine theca cells was inhibited by >1 mg MoS 4 /L and attributed to impaired steroidogenesis (35) . However, the "in vitro bark" of TM may be worse than in its "in vivo bite." The concentration of MoS 4 required for 50% inhibition of bovine SOD 1 in vitro was increased 7-fold by the presence of human plasma (36) . Lysyl oxidase (and other cuproenzymes) may be less readily inhibited in vivo, where there is competition for chelator from MT in the liver, albumin in plasma, and CCS in erythrocytes and hepatocytes, to name but a few. However, protection afforded by formation of complexes with MoS 4 in vivo does not preclude subsequent intracellular interactions of less thiolated breakdown products with MT or CC.
Third, it is essential to know whether impairment of cuproenzyme activity results in dysfunction. There was no evidence of erythrocyte instability in the form of hemolysis during periods of severe ESOD 1 inhibition, such as those shown in Figure 3B , raising the possibility that, like glutathione peroxidase in the erythrocyte (2), ESOD 1 functions largely as an expendable store. Nevertheless, inhibition of SOD 1 by MoS 4 in other cell types in culture was considered to be the most likely cause of inhibited angiogenesis (9) . Phenotpyic abnormalities have been induced by TM in various species. Regular parenteral doses of MoS 4 were investigated as possible defleecing agents and reduced both pigmentation and crimp in the wool fibers of Merino sheep (37) , but no loss of crimp was visible in Texel sheep (26) (N. Suttle, unpublished observations). Serial subcutaneous doses of MoS 4 in monkeys caused alopecia (36) , and copper dependent dysfunction may have been happening beneath the surface.
Optimal use of thiomolybdate in ovine copper toxicity outbreaks Once a case of post-HCP has been diagnosed, veterinary practitioners must decide how to bring the inevitable pre-HCP in some cohorts under control. There is normally a wide range of pre-HCP (Fig. 2) , with some individuals showing no evidence of hepatotoxicity. If all sheep are given the same dose of MoS 4 , extrahepatic side effects may be most marked in those at lowest risk. The veterinarian cannot be sure that fertility of a ram or ewe with little or no liver damage will not be harmed by the side effects of MoS 4 on reproductive hormones. Repeated large parenteral doses of MoS 4 have caused pituitary endocrinopathy in sheep (38) . Until all side effects are clarified, it is recommended that a single intravenous dose of 1 mg MoS/kg BW be given to sheep presenting biochemical evidence of severe hepatotoxicity and that reliance is placed on dietary copper depletion of the whole flock, using sulfur and zinc as antagonists (39) . Sheep should only be re-treated with MoS 4 if there is evidence of resurgent hepatotoxicity.
Optimizing TM therapy in humans
The efficacy of oral MoS 4 in Wilson's disease patients has been attributed to concurrent reduction in copper absorption and systemic sequestration of cytotoxic copper. Although the dose rate is relatively low (w1 mg MoS 4 /kg BW orally), systemic side effects have been reported, including liver damage (8) . Liver damage has also been noted in MoS 4 -treated rats, but dose rates were considerably higher (at least 10 mg/kg BW, delivered parenterally) and sufficient to grossly deplete the liver of SOD 1 and plasma of CP (27, 28) . Administration of sulfide and di-TM, possible metabolites of MoS 4 , also increased liver enzyme activity in normal rats, but dose rates were equally high (27) . Parenteral administration of 1.7-3.4 mg/kg BW in sheep without pre-HCP (26) did not increase liver enzyme activity (N. Suttle, unpublished data). With a paradigm shift away from chelation to zinc therapy for Wilson's disease being advocated in some quarters because of iatrogenic effects (40) and a similar move advocated in sheep (39, 41) 
The use of TM to control other human diseases may require specific location of the chelator as well as specificity of chelation if cuproenzyme inhibition is shown to be a common and multifocal iatrogenic effect of MoS 4 therapy. No unequivocal explanation has been given for the apparent increased incidence of copper deficiency in humans, although copper intakes from staple foods such as wheat may have decreased (42) . The closer copper intakes are to the marginal, the greater will be the need for caution in using copper chelation therapies.
Nutritional implications of TM exposure
Simulating natural thiomolybdate exposure The aforementioned influences of dose, size and cellular distribution of the liver copper store, and species on responses to parenteral TM allow a simple model for TM metabolism to be constructed (Fig. 4) . This model can predict the experimental conditions that are most likely to yield nutritionally significant information. Close simulation of natural TM absorption in vivo requires continuous infusions of TM at relatively low rates via the hepatic portal vein. Jugular infusion of 1 mg MoS 4 /h has inhibited oxidase activity of ceruloplasmin (CPO) in sheep plasma (33) , but the route is unphysiological and the rate exceeds that experienced by most adult sheep. The ingestion rate would be w0.2 mg Mo/h from pasture containing a high level of 5 mg Mo/kg DM: even if conversion to MoS 4 was complete, much would form unabsorbable complexes with dietary copper, i.e., have no systemic potency. When given subcutaneously, MoS 4 slowly enters the venous system in albumin-free lymph, and CPO showed no inhibition 24 h after successive doses (26) . The capacity of plasma and liver to bind MoS 4 may have to be saturated before absorbed MoS 4 can begin to inhibit cuproenzymes at other sites. Liver perfusion studies with and without TM in artificial serum might elucidate the dynamic role played by that organ in determining responses to TM arriving from the gut. Effects of MoS 4 in cell culture will have greater physiological and nutritional significance to mammals if culture media contain albumin at concentrations characteristic of adult plasma (i.e., not fetal calf serum) and exposure rates that translate to realistic levels of in vivo exposure TM and molybdenum toxicity in ruminants Inactivation of CC by MoS 4 has recently been invoked to explain the problem that first aroused interest in the Cu 3 Mo 3 S interaction (13, 20) : how small increments in pasture Mo could cause copper-responsive disorders such as swayback in young lambs, when copper intakes appeared adequate (1) . A recent review of historical data on the potential for TM synthesis in ruminants and the consequences of simulated TM absorption appeared to sustain the TM toxicity hypothesis (33) . However, 3 important questions must be answered before that hypothesis becomes credible: How much TM is absorbed by grazing ruminants? How much is needed to
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Crystallographic studies of metal clusters produced from the admixture of solutions of chaperone (antioxidant 1) and MoS 4 (3 mmol/L and 1.2 mmol/L, respectively (20) cannot provide unequivocal answers. However, the metal clusters produced in vitro bear similarities to ferridoxin/molybenopterin complexes found in nitrogen-fixing bacteria. A quest for similar clusters in continuous, molybdenum-enriched cultures of rumen microorganisms might be rewarding, particularly if allied to spectroscopic analysis of TM in the culture fluid (43) . Synthesis of TM in the rumen must be sufficient to saturate copper binding in the gut before systemic effects can occur, and saturation cannot be achieved without inducing a state of copper deficiency, the clinical consequences of which are indistinguishable from those of molybdenum or thiomolybdate toxicity (2) . It is conceivable that depletion of liver copper stores in molybdenuminduced copper deficiency leaves ruminants vulnerable to short periods of systemic TM exposure: this would explain why iron-induced hypocupremia in cattle was asymptomatic, whereas hypocupremia of equal severity induced by molybdenum-caused hypocuprosis (44) .
TM and molybdenum toxicity in nonruminants
Humans may be more vulnerable to absorbed TM than ruminants for 3 reasons: less TM would be needed to saturate binding capacity in digesta; less TM would be needed to saturate binding capacity of much smaller liver copper stores; in the absence of selection pressure, humans may not have developed tolerance of subnormal copper status. Published evidence of natural synthesis of TM in monogastric species is dated and scant. Abnormally bound plasma copper was found in guinea pigs given 26 mg of Mo as MoO 4 /kg diet DM (1), and much higher levels (500 mg/kg DM) caused similar anomalies in rats (45) . In studies of the nematodicidal properties of molybdate in post-weanling rats given the equivalent of only 10 mg Mo/kg diet via the drinking water, plasma copper increased almost 2-fold (E. Ortolani, D. Knox, and N. F. Suttle, unpublished data) and at 70 mg of Mo/kg DM, ESOD 1 activity was concomitantly reduced. Femur enlargement after 6-7 wk of exposure at the higher level (N. Sangwan, N. F. Suttle, and D. Knox, unpublished data) was reminiscent of gross bone abnormalities induced in weanling rats by low dietary exposure to MoS 4 (6 mg/ kg DM) (46) . In dogs, adding MoS 4 to the diet reduced cross-linking in proteoglycans from the epiphyseal growth plate (47) . Bone development may have been impaired through the inhibition of lysyl oxidase by TM and resultant impairment of angiogenesis in the remodeling zone, proximal to the growth plate. These characteristic responses to MoS 4 induced by MoO 4 exposure suggest that TM can be synthesized without the rumen, probably in the cecum where sulfide can be generated from the breakdown of slowly degradable protein. TM generated in the cecum would not impair copper absorption but would probably be more absorbable than those generated by rumen synthesis. Premature publicity is given to unpublished data here because of the risk that adolescents could be harmed by therapeutic exposure to TM. Furthermore, it is conceivable that humans absorb TM after ingesting a molybdenum-rich seafood meal.
Detection of TM in blood and tissues
The pathogenic significance of dietary and therapeutic exposure to TM in grazing ruminants and in humans will not be Cu-MT may be lost from liver and body via biliary secretion; once hepatic binding sites are saturated, excess TM enter the peripheral bloodstream and complex with plasma albumin (Cualb); as albumin becomes saturated, TM enters erythrocytes (RBC) and forms complexes with copper from superoxide dismutase 1 (and MT?) that cannot be exported, leaving the enzyme temporarily inhibited. As binding sites in RBC become saturated, TM may flow from plasma into extrahepatic tissues, where cuproenzyme activity is inhibited; within and between each compartment, copper may be exchanged between complexes as they degrade. B: Intravenously injected MoS 4 follows a different sequence. First, complex formation in plasma and RBC; second, complex formation in soft tissues, extrahepatic tissues increasing in importance as sites of copper fixation relative to liver if little copper is stored there. With subcutaneous (s.c.) and continuous intravenous (i.v.) administration of MoS 4 , the sequence will move closer to but not accurately simulate that of exposure via the diet; in vitro exposure will generally exaggerate the consequences of physiological exposure to TM.
clarified until the dietary circumstances that permit TM absorption are defined and the metabolic fate of retained TM is unraveled. Clarification will require methods for detecting TM in the bloodstream and tissues. In ruminants, CPO is an unreliable indicator of plasma copper status, partly because oxidase activity can come from sources other than CP during parturition, infection, and vaccination (2) . Measurement of non-CP copper rather than CPO, a commonly used surrogate for plasma copper in the human context, has much to offer (Fig. 3A) . However, the presence of TM in the circulation may not indicate adverse effects of TM on copper-dependent processes, health, and production. It has even been suggested that by slowing the turnover of copper in the body, Cu-TM complexes can act as a slow-release source of copper (2) . Reductions in free plasma copper concentration during oral MoS 4 treatment of Wilson's disease have recently been reported (48) , indirectly determined by deducting TM-bound and CPO-copper from total plasma copper and therefore with large cumulative error. It took five weeks for the effect to become significant, although there was steady neurological improvement in patients given MoS 4 . Free copper concentrations in plasma may be inversely correlated with systemic TM exposure but better measured directly (49) than by difference.
In species in which ESOD is susceptible to TM inhibition (e.g., mice and sheep), a low ratio of ESOD activity to milligrams of ESOD protein may indirectly indicate TM absorption. More promising still is the recent suggestion that induction CCS in erythrocytes provides the earliest and most sensitive indicator yet of marginal copper deficiency in rats (18) . It seems likely that CCS would be induced by systemic exposure to MoS 4 .The specific activity of other cuproenzymes (per milligram of copper or enzyme protein), or the abundance of their chaperones may also indicate the presence of inhibitory TM. For example, anomalies in tyrosinase or thiol oxidase activity in hair or wool follicles from the dermis may indicate subclinical dysfunction before depigmentation becomes visible. In monkeys, TM exposure causes a reversible decrease in the number of endothelial progenitor cells (36) .
Conclusions
A copper cost of immunity has been inferred from controlled infection studies with sheep and may add to the human requirement for copper. A systemic role for TM inhibition of CC in the pathogenesis of hypocuprosis in grazing ruminants has yet to be established and would probably be confined to short periods of acute molybdate exposure, when TM were generated in the cecum as well as the rumen, and while new equilibria in copper transport were being established within cells and between organs. New knowledge of MoS 4 as copper chelator in ruminants suggests that residual inhibition of cuproenzyme activity may restrict opportunities for TM therapy in the treatment of cancers, inflammatory diseases, and Alzheimer's disease. Realization of the therapeutic potential for TM has 2 primary requisites: first, biomarkers for the systemic impact of TM and second, realistic exposure rates used in experimental models that closely simulate the in vivo environment.
